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ABSTRACT

Silver nanoparticles exhibit size, shape and the surrounding dielectric medium
dependent optical properties (scattering and absorption) in the visible spectral region.
These optical properties can be explained in terms of the collective oscillation of the “free
conduction band electrons” or “surface plasmons” induced by an external
electromagnetic field. Dipole and Quadrupole Plasmon resonances have been observed
for silver particles less than 100nm in diameter prepared using various synthetic
techniques. However higher order resonances have been elusive due to lack of
experimental techniques to prepare colloidal solutions of large silver nanoparticles in the
size range above 100nm. Controlled hydrogen reduction of silver (I) oxide at 70˚C
resulted in the formation of a colloidal solution of submicron silver particles. These
particles exhibit the ability to optically excite higher order multipoles of the plasmon
resonances, i.e. octupole and hexadecapole in its extinction spectra and the features
match well with the Mie extinction calculations.
Core-shell particles represent a distinct class of nanomaterial with collective
physicochemical properties that are unique and different from the individual components.
Metal silver cores coated with amorphous semiconductor titania shell hybrid
nanoparticles were prepared using controlled hydrolysis and condensation of
titanium(IV) butoxide (sol-gel technique). Hydrothermal treatment at 350˚C resulted in
the conversion of the amorphous titania shell into its crystalline anatase form. Progressive
red shifts in the plasmon resonance peaks in the extinction spectra were observed for
amorphous and crystalline anatase titania coated silver nanoparticles.
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The anatase form of titania is one of the most effective semiconductor
photocatalyst when excited with UV light (λ≤ 380nm). Metal ion doping into anatase
titania is one means to shift its band gap transition to the visible spectral region for its
practical application in the solar spectral region. A modified sol-gel technique using
titanium (IV) butoxide and iron(III) nitrate nonahydrate precursor followed by heat
treatment in air was employed to prepare iron (III) ion doped anatase titania
nanocomposites with the onset of band gap transition red-shifted (~λ= 475nm) to the
visible spectral region. The direct photocatalytic effect was observed in the degradation
of dye pollutant sulforhodamine-B in the presence of iron(III) ion doped titania
nanocomposites upon visible light irradiation.
Hydrogen reduction of silver(I) oxide in the presence of ~200nm polystyrene
microspheres (Polysciences Inc.) at 70˚C led to the formation of silver nanoparticles
attached to polystyrene microspheres. Extinction spectra of the resulting colloidal
solution revealed a suppressed quadrupolar plasmon resonance peak when compared to
the resonance observed for colloidal silver nanoparticles in the same size range without
the presence of polystyrene beads. Electron microscopy images support the above
observation with the polystyrene microspheres attached to one of the crystalline surface
of the particle. Further acetone treatment lead to the encapsulation of the silver
nanoparticles within the polystyrene microspheres as observed in the electron microscopy
images and red shifts in the plasmon resonance peaks with the evolution of a prominent
quadrupolar resonance peak in the extinction spectra. These silver-polystyrene particles
represent a unique metal-polymer core shell nanostructure.
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CHAPTER ONE
INTRODUCTION
Nanotechnology is one of the most important technologies of this generation.
New and unique physicochemical properties of nanoparticles, nanocomposites and
nanoassemblies are being revealed. Large scale synthesis of the nanoparticles, their
assembly, reproducibility and long lifetime in application oriented characteristics is of
utmost importance for a successful nanotechnology. Materials on the 1-100nm scale have
shown that on this size scale the properties of a material become dependent on its size
and shape. The nanometer scale incorporates collections of atoms or molecules, whose
properties are neither those of the individual constituents nor those of the bulk. On this
scale, many of the atoms are localized on the surface and are responsible for various
unique properties. The difficulty in generating the desired size, shape, and
monodispersity of nanoparticles continues to press the need for new and refined synthetic
techniques. The optical properties (absorption and scattering) of metal nanoparticles are
found to be largely dependent on the shape and size of the nanoparticle and dielectric
constant of the surrounding medium1-3, leading to many studies on their specific synthesis
employed and applications of the resulting nanoparticles. Thus, the synthesis of
nanoparticles continues to be an active area of research as new and improved synthetic
techniques are developed, expanding the use of nanoparticles. The remainder of this
chapter introduces important concepts related to the dissertation research: Origin of
unique optical properties of metal nanoparticles, semiconductor catalysts, role of metal in
metal-semiconductor hybrid nanostructures, dye-sensitization, metal ion doped
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semiconductor catalyst and metal-polymer composite. Chapter 2, a paper published in the
Journal of the American Chemical Society, 2005, 127 (36), 12444–12445 reported the
synthesis of a colloidal solution of sub-micron silver nanoparticles. Higher order plasmon
resonances (octupole and hexadecapole plasmon resonance) were observed for the first
time for pure metal particles. Chapter 3, a paper published in the Journal Nanoscience
and Nanotechnology. 2004, 4, 299-303 describes the synthesis and characterization of a
hybrid metal-semiconductor silver-titania core shell nanoparticles. Controlled hydrolysis
and condensation of titanium (IV) butoxide afforded the synthesis of these core-shell
silver-titania nanostructures. Chapter 4, a paper published in the Journal of Nanoparticle
Research, 2005, 7, 489-498, reports a modified sol-gel technique to prepare visible light
photoactive iron(III)-doped titania nanoparticles. The direct band-gap excitation
mechanism was confirmed in the photocatalytic experiments for the degradation of
Sulforhodamine-B dye contaminant. Chapter 5, a paper published in Chemistry of
Materials, 2009, 21, 2835-2839, describes a novel synthesis technique for encapsulating
silver nanoparticles within commercial polystyrene microspheres. Unique nanostructures
of silver-adsorbed onto polystyrene spheres were obtained and lead to the encapsulation
within polystyrene microspheres in the presence of acetone as a swelling agent. In
Chapter 6, a general conclusion about the research findings are summarized with some
possible directions for future work is recommended.
Optical Properties of Metal Nanostructure:
One of the most intriguing examples for the visual impact of the optical properties
of metal nanoparticles is the Lycurgus Cup. The Lycurgus Cup is dated back to the 4th
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century AD. It depicts King Lycurgus being dragged into the underworld. The cup
appears green in the reflected light and red in the transmitted light (Figure 1.1)4. These
colors were attributed to the presence of silver and gold nanoparticles embedded in the
glass.

Figure 1.1 Lycurgus Cup as seen green in the reflected (left) and red (center) in the
transmitted light. TEM image (right) of ~ 50nm gold particles impregnated in the glass
matrix.
Metals derive their optical properties (reflection, absorption) from the behavior of
the “free” conduction band electrons2. These conduction band electrons move within the
metal and can oscillate collectively with a certain quantum of energy2. The collective
oscillation of the electron density in metal is known as plasmon resonance and can be
readily induced by an external electromagnetic field. The plasmon resonance is an optical
property of bulk metals independent of its size. In addition to the plasmon resonances in
the bulk metal, lower energy resonances associated with the surface charge now known
as surface plasmon resonances can also be induced. Unlike the bulk plasmon resonance,
these surface associated resonances strongly depend on the size, shape and interfacial
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properties in the nanometer size regime and are responsible for the origin of the color.
These metal particles of dimensions less than or comparable to the wavelengths of light
have been the subject of intense theoretical and experimental research. One of the most
significant theories was developed by Gustav Mie in 1908 to explain the colors of gold
colloids in water5. Using the classical Maxwell equations, particle size-dependent
dielectric functions and assuming the particle to be spherical, Mie theory provided an
exact solution for the efficiencies Q of light absorption(abs) and scattering (sca) by small
particles. Thus Q (ext) known as the efficiency of extinction or the total attenuation of
light by nanoparticles can be calculated using
Qext = Qabs + Qsca
It was observed that for spherical gold particles of radius 20nm, the extinction band
appears around 530nm and is almost completely comprised of pure absorption (Qabs)
with only a very small contribution from scattering (Qsca). Hence the red color of the
colloidal solution. With increasing particle size the extinction band red-shifted with
increase in the intensity and the contribution from scattering (Qsca) increased
dramatically5. For particles of radius 70nm the extinction band appears at 610nm and is
dominated by the scattering component (Qsca). The colloidal solution of 70nm radius
gold solution has a blue color. Thus, considering the contribution of absorption
coefficient (Qabs) and the scattering coefficient (Qsca) to the total extinction (Qext), Mie
theory predicts accurate description of the color in colloidal metal nanoparticles
solutions. In the case of silver nanoparticles of size 50nm diameter and above, the
scattering component (Qsca) dominates the overall extinction (Qext) and hence the green
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muddy coloration. When the colloidal solution is viewed in its transmission mode in
between a light source and the eye, the colors corresponds to the absorption maxima
(Qabs). Figure 1.2 shows the calculated extinction spectra using Mie theory2 for silver
nanoparticles of radius 10nm (a) and 75nm (b) in water (Refractive Index R.I = 1.33). For
small particles the contribution from the scattering (Qsca) can be neglected and the
dipolar absorption cross-section can be calculated by the following relation2

σ abs (ω ) = 9

ω
c

ε m3 / 2V0

ε 2 (ω )
[ε 1 (ω ) + 2ε m ]2 + ε 2 (ω )2

Where σ abs (ω ) is the frequency-dependent absorption cross-section, ω is the frequency
of incident radiation, c is the speed of light, V0 is the particle volume and ε m and ε ( ω )
= ε 1( ω ) + i ε 2 ( ω ) are the dielectric functions of the surrounding medium and the metal
particles.
Thus, particles smaller than the wavelength of light experience a constant phase of the
incident electromagnetic field. As the particle size increases higher order modes or
multipoles can be optically excited. As seen in the above equation, the optical properties
of metal nanoparticles are depend on the real ε 1( ω ) and imaginary parts ε 2 ( ω ) of the
dielectric function of the metal. For example, a dipolar absorption peak appears at the
frequency ω when ε 1 ( ω ) = -2 ε m as long as ε 2 ( ω ) is not large. The size dependent
dielectric function ε 1 ( ω ) and ε 2 ( ω ) for 10nm radius silver nanoparticles in water is
shown in Figure 1.36
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Figure 1.2 Calculated extinction spectra for 10nm (a) and 75nm (b) radius silver particles
using the Mie Theory2.
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Figure 1.3 Real ε 1 ( ω ) and imaginary ε 2 ( ω ) components of the dielectric function for
10nm radius silver nanoparticles in water5. Arrow indicates the wavelength at which the
dipole plasmon resonance appears.

The above criterion is satisfied at wavelength 380nm where the resonance peak appears
in the optical spectrum. The dipole resonance for small particles can be depicted as the
polarization and collective oscillation of the electron density in the presence of an
electromagnetic field (Figure 1.4).
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Figure 1.4 Polarization of the electron density in metal nanoparticles in the presence of
an electromagnetic field.

As the particle size increases higher order mode or multipole resonances can be induced
under the influence of an incident electromagnetic field (Figure 1.5)3.
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Figure 1.5 Polarization of the electron density of progressively large metal nanoparticles
in the presence of an electromagnetic field resulting in higher order surface plasmon
resonances2.
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Mathematical programs have been developed to compute the higher order modes
in Mie theory. Several programs are available to apply Mie theory and its extensions to a
variety of nanoparticles. “BHMIE subroutine” in program “CALLBH” a FORTRAN
program presented in the book2 by Bohren and Huffman is basic and extremely popular.
It includes a main “calling program” which enables the user to assign various parameters
i.e. size, wavelength dependent dielectric properties of the material, refractive index of
the medium, and a “subroutine” which calculates the extinction efficiency for
homogeneous spheres. Wavelength dependent optical constants for using the program
can be readily obtained from: “Handbook of Optical Constants of Solids” Ed. by E.
Palik. Academic Press, Inc. 1985. Other modern methods using the discrete dipole
approximation (DDA)7-9 have been developed and allows one to calculate the extinction
of particles of different geometries.
Optical properties of silver nanoparticles have been extensively investigated in
our group. A novel synthetic technique involving hydrogen reduction of silver (I) oxide
has been developed. This technique allows the synthesis of highly monodisperse silver
nanoparticles in the 20nm-250nm size range. The reaction can be stopped at any time to
obtain particles of desired size. Typical extinction spectra of the growth of silver
nanoparticles are presented in Figure 1.6 (A). A representative cluster of particles is
presented in Figure 1.6(B). As can be seen in Figure 1.6 (A), silver nanoparticles display
efficient plasma resonance in the visible spectral region owing to the favorable frequency
dependence of the real and imaginary components of the dielectric function. The
resonances strongly depend upon the surrounding medium and on the size and shape of
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Figure 1.6 Extinction spectra (A) of the growth of silver nanoparticles, STEM image (B)
for a typical cluster of the obtained silver nanoparticles.
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the particle. The cross-section of the plasmon excitation is larger than the absorption
cross-section of any molecular species10. For this reason, instead of using organic
chromophores, surface plasmons of silver nanoparticle is proposed to be used as
inorganic chromophores as an antenna for visible light.
Other important phenomena associated with the surface plasmons is the enhancement of
the local electromagnetic field around the particle. Upon excitation, the local
electromagnetic field associated with the oscillation of electron density, is enhanced
several orders of magnitude resulting in many surface enhanced phenomena like surface
enhanced Raman scattering11-12, surface enhanced fluorescence13-15, etc. Much of the
chemical and optical applications of metal nanoparticles arise from this phenomenon of
local field enhancement. Chapter 2, a paper published in the Journal of the American
Chemical Society, 2005, 127 (36), 12444–12445 describes the controlled synthesis of 215
± 15nm diameter near perfect icosahedral silver nanoparticles in its colloidal state with
the ability to excite higher order multipole plasmon resonances (hexadecapole and
octupole). Features of the resonances correspond well with the theoretically calculated
extinction using the “BHMIE subroutine” for pseudo-spherical 230nm silver particles.
Since silver nanoparticles display surface plasmon resonances in the visible
spectral region and due to the enhanced local fields, they could be considered as stable
inorganic chromophores for application in photocatalysis and photovoltaics. The
following sections briefly introduce concepts of semiconductor photocatalysts and its
various modifications for application in the visible spectral region.
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Semiconductor Photocatalysts:
Many semiconductor metal oxides like TiO2, WO3, ZnO and In2O3, and metal
chalcogenides such as CdS, CdSe and MoS2 have been studied for their photocatalytic
properties for the mineralization of toxic organic molecules towards environmental
cleanup applications. Titania (TiO2) is a large band gap semiconductor. The energy
difference between the highest occupied valence band and the lowest unoccupied
conduction band of titania is 3.2 eV and require UV light (λ < 380nm) for its excitation1619

, Titania exists in three polymorphic crystalline structures: anatase (tetragonal) has a

band gap of 3.2eV, rutile(tetragonal) has a band gap of 3.0eV and brookite(orthogonal)
has a band gap of 3.4eV. Brookite is not known to be photoactive. Anatase and rutile
structures differ by the distortion of the octahedron and the assembly of these octahedral
chains. The Ti-Ti distance in anatase are greater than (3.79 and 3.04 Å) than rutile (3.57
and 2.96 Å)19. These structural differences cause different electronic band structures
between the anatase and the rutile forms. Anatase titania is known for its high
photoactivity, its high photostability, its non-toxic nature, and high chemical stability. It
is the most practical semiconductor of choice for various environmental clean-up
applications such as water purification and wastewater treatment. Anatase titania is
globally accepted to be highly photoactive amongst the three polymorphic structures due
to its indirect and wider band gap (3.2eV) than the direct band gap rutile (3.0eV) (higher
recombination rates) and is the focus of my research studies. When titania is illuminated
with UV light (λ < 380nm), an electron is excited from the valence band (vb) to the
conduction band (cb), generating an electron-hole pair as shown in Figure 1.7.
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Figure 1.7 Schematic representation of electron-hole formation in anatase titania under
UV-light irradiation.

The photogenerated electron-hole pair can recombine and dissipate the energy into heat
instantaneously (picoseconds). This recombination can be prevented if suitable electron
and hole scavengers are present. Due to the favorable position of the valence band edge
of anatase titania (+3.1 V vs NHE), the hole acts as a potent oxidant that mineralizes
organic molecules into CO2 and oxidizes water or hydroxide ions into hydroxyl radicals
OH˙, which, in turn, also act as an oxidant. In order to increase the efficiency of the
photocatalytic process, the photogenerated electrons must also be removed from the TiO2
particle. Typically, oxygen is used as the electron scavenger. Oxygen is reduced to the
superoxide, O2˙-, and also participate in the degradation of the organic molecules, or be
further reduced to hydrogen peroxide or water. These UV-irradiated titania photocatalysts
have been routinely used for the complete mineralization of various organic contaminants
and have been generalized under the universal term advanced oxidation technology
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(AOT)16,18-20. It involves generation of active radicals (i.e OH˙) which completely
disintegrate target pollutants to CO2 and water. The UV-light induced electrons acts as
reducing agents for removal of heavy metal ions (Pt4+, Cr4+, Au3+) as well. However the
overall photocatalytic efficiency is very low (<5%) as the time scales for the
photogenerated electron-hole recombination events are in the order of a few
picoseconds20. Technological applications of titania are limited because of its large band
gap that requires near UV- light excitation, which constitutes less than 5% of the total
solar spectrum. Research efforts on titania based photocatalysts are focused on
increasing the efficiency of the overall photocatalytic process in the UV spectral region
and to shift the band gap excitation more to the visible spectral region. One of the popular
methods to accomplish this is to formulate a metal-semiconductor hybrid composite.

Metal/Semiconductor (Titania) Composite Photocatalysts:
It is been reported that deposition of noble metal on semiconductor nanoparticles
increases the efficiency of the photocatalytic reactions under UV-light irradiation. The
surface adsorbed noble metal (Au, Pt, Ag) acts as a sink for the photoinduced electrons
and promotes interfacial charge transfer processes in the metal-semiconductor composites
(Figure 1.8).
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Figure 1.8 Scheme illustrating the various charge transfer processes involved in a
metal/semiconductor (titania) composite photocatalyst under UV-light irradiation.

Thus adsorption of metal on the surface of anatase titania efficiently prevents electronhole recombination by capturing the photogenerated electrons leaving the potent hole to
oxidize organic molecules present in the reaction. In specific cases, 40% enhancement in
the efficiency of thiocyanate oxidation was observed for gold-titania nanocomposites20.
The goal of my research was to synthesize a new type of hybrid metal/semiconductor
nanoparticles with a silver core and anatase titania shell nanoparticles in an effort to
expand the utility of anatase titania in the visible-spectral region using the surface
plasmons resonances. The Sol-gel technique using titanium butoxide precursor in the
presence of silver nanoparticles followed by a hydrothermal treatment lead to the
formation of anatase titania coated silver nanoparticles. Specifics of the synthesis and the
characterization of these hybrid metal-semiconductor core-shell nanoparticles are
presented in Chapter 3 and is published in Journal Nanoscience and Nanotechnology.
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2004, 4, 299-303. Photocatalytic experiments were performed using sulforhodamine-B
dye. The experiments revealed that the role of the silver core in the core-shell structure
was to act as an electron scavenger preventing the degradation of Sulforhodamine-B dye
molecules.
In order to expand the photoresponse of anatase titania in the visible spectral
region, two common methods are employed: Dye sensitization and Ion doping. The
following section introduces the two concepts.

Dye Sensitization:
Dye sensitization, taken broadly, occurs when a dye molecule after absorbing a photon at
its absorption maxima, imparts its charge through a charge transfer reaction to a system
that does not absorb light of that particular wavelength. This charge can be used by the
system to do some electrical or chemical work. Much of the research using molecular
chromophores is geared towards developing dye-sensitized titania as an inexpensive
alternative to silicon based devices in photovoltaic cells21. The photosensitization process
using dyes improves the efficiency of the excitation process and also expands the
wavelength of excitation more to the visible spectral region. In dye sensitization, the dye
molecule is excited either to its singlet or triplet excited state. This excited state dye
molecule can transfer the electron to the conduction band of the semiconductor
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Figure 1.9 Schematic of visible light excitation and charge transfer events in dye
sensitized titania based photocatalysts.

(titania). The electrons from the conduction band are accepted by surface quenchers (O2)
leading to the reduction of any organic molecules on the surface (Figure 1.9). In the case
when there is no organic molecule present in the system, the dye sensitizer itself can
undergo oxidative degradation. This process finds its application in the textile industry
for degradation of dye molecules in wastewater. When this process is applied in a
photoelectrochemical cell, the oxidized dye molecules are reduced and regenerated in the
presence of a redox couple (eg. I3-/I-) present in the electrolyte solution and this is the
basis of the principle of Dye Sensitized Solar Cells (DSSC) or Grätzel cells for direct
conversion of solar energy into electricity. It has been reported that a
photoelectrochemical cell using ruthenium complexes converted in some case more than
60% of the incident photons to electric current at the absorption maximum of the
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sensitizer in the visible spectral region, and the overall conversion efficiency in full
sunlight to be around 11%22-25.
Ion Doping:
Ion doping, when applied to semiconductors, refers to the introduction of impurities or
defects sites within the semiconductor in order to favorably modify its electronic
properties. The generally accepted mechanism for metal and non-metal ion doping is that
it alters the intrinsic properties of titania by the formation “shallow traps” within the
titania matrix resulting in extending the photoresponse to the visible spectral region.
These “shallow traps” act as electron or hole traps, which increase the photoinduced
electron/hole charge lifetime, and in turn the efficiency of its photocatalytic activity.26
Chemical methods such as sol-gel technique, hydrothermal reactions, solid-state reactions
and expensive physical methods such as ion implantation, rf-magnetron sputtering,
plasma enhanced chemical vapor deposition and pulsed laser deposition techniques have
been used to prepare doped semiconductors. Non-metal atoms such as N, C and B have
been widely researched with some success for shifting the band gap of titania
semiconductor more into the visible spectral region.27-30 Due to the suitable ionic radius
and electronic properties, transition metal ions and especially iron(III) is often studied as
favorable dopants as well26. The energy level of the Fe4+/Fe3+couple is just above the
titania valence band and can act as a electron trap and the energy level of the Fe3+/Fe2+
couple is just above the conduction band and can act as a hole trap preventing
photoinduced electron-hole recombinations and affords the utilization of visible light for
its activation (Figure 1.10)26,31-32. The efficiency of this process depends on the
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systematic occurrence of the various charge transfer events and migration of the charges
to the surface.

Figure 1.10 Schematic of visible light excitation and charge transfer events in iron(III)
ion doped titania photocatalysts.

For the above reasons, using a modified sol-gel technique using titanium (IV) butoxide
and ethanolic iron nitrate nonahydrate as precursors, iron(III) ions doped titania
photocatalysts were prepared and applied to the photodegradation of Sulforhodamine-B
dye contaminant. Chapter 4, a paper published in the Journal of Nanoparticle Research,
2005, 7, 489-498, reports the synthesis, characterization and application of these iron(III)
doped titania photocatalysts.
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Metal-Polymer Composite:
Due to the commercial availability of highly monodisperse Latex (polystyrene) spheres in
the nanometer to the micrometer size range, they are suitable candidate s for research in
the field of metal-polymer hybrids composites. In most cases polystyrene spheres have
been used as templates to grow a variety of inorganic shells around itself with potential
application in the fields of plasmonics33-34 and photonics35 capitalizing on the difference
of the refractive index between the polystyrene core and the metal/inorganic shell. Such
hybrid materials represent a unique class of metal/inorganic- polymer composites having
a polystyrene core and a metal/inorganic shell. On the other hand, chemical methods like
emulsion polymerization using styrene monomers in the presence of variety of
metal/inorganic materials can results in the formation of a polystyrene shell36-39. A new
method which involves swelling of the polystyrene beads in the presence of certain
organic solvents followed by heat treatment also lead to the formation of inorganicpolymer core shell structures40-41. The polystyrene layer surrounding the particles assists
in maintaining the physicochemical properties of the encapsulated inorganic particles in
physiological environments and provides a hydrophobic surface for adsorption of
biological molecules. Chapter 5, a paper published in Chemistry of Materials, 2009, 21,
2835-2839, describes a unique synthesis technique to encapsulate silver nanoparticles
into commercially available polystyrene microspheres. The schematic of the synthesis
which utilizes the well developed silver nanoparticle synthesis employed in our
laboratory is presented in Figure 1.11.
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Figure 1.11 Scheme representing the synthesis of silver-polystyrene core-shell particles.

The specific research objectives of the work presented in this dissertation were the
synthesis and characterization of submicron sized silver particles, titania coated silver
metal semiconductor hybrid nanoparticles, iron(III) doped titania nanocomposites and
silver polystyrene core shell metal polymer hybrid particles. The dissertation concludes
with a general summary of research achievements and possible directions for future
work.
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CHAPTER TWO
MULTIPOLE PLASMON RESONANCES OF SUB-MICRON SILVER PARTICLES

Abstract:
Single crystal, silver particles of 215 ± 10 nm size were synthesized in solution
using the hydrogen reduction method and characterized by UV-visible extinction
spectroscopy and electron microscopy. The extinction spectra reveal the presence of
higher order multipoles of the plasmon resonance such as quadrupole, octupole, and
hexadecapole in addition to the dipole. The formation of higher order multipoles was
continuously monitored during the particles growth. Mie extinction calculations were
performed and are in good agreement with the measured extinction spectra. The
frequency shift of all plasmon modes was measured as a function of the refractive index
of the surrounding dielectric medium.
Keywords: nanoparticles, silver, plasmon, multipole, octapole, hexadecapole, Mie.

Introduction:
Excitation of the collective oscillations of the electron density called plasmon
resonance determines the optical properties of silver nanoparticles.1 The frequency of the
resonance can be tuned across the broad spectral range by selecting the particle size,
shape as well as the surrounding dielectric medium.2,3 This tunability and the high
efficiency for interaction with light make Ag nanoparticles promising in photonics4,
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sensor5, photocatalysis6, and enhanced spectroscopy7 applications, and as such their size
dependent optical properties become of fundamental importance.
For nearly spherical Ag nanoparticles in the size range from 10 nm to 50 nm, all
electrons in the metal experience roughly the same phase of the incident electromagnetic
field leading to the excitation of a dipole resonance. As the particle size increases, higher
plasmon modes can be excited as the electromagnetic field across the particles become
non-uniform and the particles experiences different phases of the electromagnetic field.
This phase differences broadens and also excites multipole resonances. In addition to
the dipole resonance, a quadrupole mode was theoretically and experimentally observed
for 50 - 150 nm spherical1,8-10 and other shaped Ag particles.11 Higher order multipole
resonances have also been predicted 1,12 for even larger particles and reported for metallic
nanoshells above 200 nm diameter.13 The experimental observation of higher multipoles
beyond the quadrupole for spherical Ag nanoparticles have been elusive conceivably due
to lack of adequate synthetic methods capable of yielding large, single crystal
nanoparticles of narrow size and shape distribution. Relevant work published on this
subject describes rather polycrystalline large Ag nanoparticles and the corresponding
plasmon resonance spectra appear featureless.14
Synthesis of Silver Nanoparticles:
We have recently introduced a new method for the controlled synthesis of single
crystal Ag nanoparticles in the size range 10 – 140 nm10 that are chemically clean without
any other surface-associated chemical species except water and oxygen. In other
commonly used synthetic procedures, the by-products left after the chemical reduction of
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the metal or intentionally added capping molecules limit the growth of particles to large
dimensions and affect their chemical and optical properties. Here this method is
extended to the synthesis of single crystal Ag particles larger than 140 nm with the size
polydispersity better than 5% allowing the experimental observation of higher order
multipole resonances such as octupole and hexadecapole for the first time. The synthetic
procedure involves the reduction of aqueous saturated silver oxide solution by ultrapure
hydrogen gas in a pressurized atmosphere at elevated temperature and is described in
details elsewhere10. The generally understood mechanism is the catalytic reduction of
silver oxide to small Ag “seeds” followed by their slow uniform growth along all
crystallographic axes. The reaction can be conveniently terminated at any stage resulting
in the nanoparticles of a desired size.
Characterizations:
UV-Visible absorption spectrum was recorded using Shimadzu UV-2501PC
Spectrophotometer. Electron diffraction pattern and the morphology of the silver
nanoparticles were observed with HITACHI HD2000 Scanning Transmission Electron
Microscope (STEM) and Hitachi S-4700 FE-Scanning Electron Microscope. TEM
samples were prepared by evaporating a drop of the sample on a carbon-coated copper
grid (Ted Pella, Inc.). All images were obtained in its STEM mode with the emission gun
operated at 200 kV acceleration voltage. SEM samples were prepared by coating ITO
slides (R=14 Ω, Delta Technologies) with poly(4-vinylpyridine) and then were suspended
in a aqueous concentrated silver nanoparticles solution overnight to be adsorbed on it
through the nitrogen lone pair of electrons of pyridine (Malynych, S.; Luzinov, I.;
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Chumanov, G. J. Phys. Chem. B 2002,106, 1280). Mie extinction calculations were
performed using the BHMIE computer code by Bohren and Huffman (Bohren, C.F.;
Huffman, D. R. Absorption and Scattering of Light by Small Particles; John Wiley &
Sons: New York, 1998). Optical constants for silver were obtained from Lynch, D. W.;
Hunter, W. R. In Handbook of Optical constants of Solids; Palik, E.D.; Ed.; New York:
Academic Press: 1985.
Results and Discussions:
The growth of the particles was monitored by UV-Visible extinction spectroscopy
(Figure 2.1). At the initial stages of the reaction, the spectrum reveals the presence of a
dipole plasmon resonance at 420 nm attributed to the formation of small Ag “seeds”. As
the particle size increases, the dipole resonance progressively red shifts rendering a green
muddy color to the colloidal suspension due to strong resonance scattering of light. For
ca. 90 nm Ag nanoparticles the dipole resonance shows at 490 nm and a new band
corresponding to the quadrupole mode appears in the spectrum at 420 nm. As the size of
the particles approaches 170 nm the dipole and quadrupole resonances shift to 630 nm
and 470 nm respectively, and a new band corresponding to the octupole mode emerges in
the spectrum at ca. 430 nm. This band gradually evolves into a distinct peak that also
shifts to the red spectral range with the increase of the particle size. When the octupole
peak moves to a position at 475 nm, a new shoulder corresponding to hexadecapole mode
of the plasmon resonance starts to appear at 430 nm. The particles continue to grow very
slowly until they become large enough to aggregate and fall of the suspension as a
precipitate. The largest synthesized particles were 215 ± 10 nm measured by TEM
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analysis and had the quadrupole, octupole, and hexadecapole modes of the plasmon
resonance at 543 nm, 483 nm, and 432 nm, respectively with the broad dipole peak
moved into the near-IR spectral region. STEM images in Figure 2.2 show highly
symmetric icosahedral particles with a small fraction of elongated rods also present in the
suspension. The narrow size distribution supports the model in which the particles
uniformly grow from the initially formed seeds without the formation of new seeds

Figure 2.1 Extinction spectra of different sized Ag nanoparticles synthesized by
hydrogen reduction method. The spectra correspond to different aliquots as is taken at 15
minutes intervals from the reactor. No additional normalization of the intensity was
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performed.during the course of the reaction. As the particle grows, all plasmon modes
red-shift with the dipole mode shifting most rapidly followed by the quadrupole, octupole
and hexadecapole modes (Figure 2.3).

Figure 2.2 STEM images of silver particles prepared by hydrogen reduction of silver
oxide solutions (a,b).

Mie extinction calculations were performed using the code from [2] and the
frequency dependant dielectric function of silver metal from [15]. The dielectric constant
of surrounding medium was adjusted from that of pure water to account for local effects,
specifically for adsorbed silver oxide species on the surface of the particles, and to better
match the experimental and calculated values for the position of all modes. The results of
calculations and their comparison with the experimental data are presented in Figure 2.4
showing the overall good agreement. The lack of complete overlap of the calculated and
experimental spectra is rationalized as due to assumed spherical shape of the particles in
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the calculations rather than the real icosahedral structure. It is known that the sharp
corners such as those present in icosahedral

Figure 2.3 Plasmon resonance maximum for various higher order modes as a function
of time.

structures affect the spectra of plasmon modes.16 Nevertheless, the calculated spectra
reveal the presence of all plasmon modes as well as their red shift with increase of the
particle size. Both the experimental and the calculated spectra show a minimum at ca 320
nm due to the intra- band transition in the metal1 that damp the plasma oscillations in this
spectral region.
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The extinction spectra of 215 ± 10 nm Ag particles prepared by the hydrogen
reduction method were measured as a function of the refractive index of the surrounding
medium in order to determine how different plasmon modes are affected by the dielectric
environment.

Figure 2.4 Experimental (I) and calculated (II) extinction spectra using Mie theory
code for 230 nm diameter particles and assigning refractive index as 1.5 for the
surrounding medium. The experimentally observed spectra have been normalized to the
calculated spectra.
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It is well known that the dipole plasmon resonance shifts to longer wavelengths with the
increase of the medium dielectric function 1,3 due to the decrease of the restoring force on
the electron oscillations. It was expected that the decrease of the restoring force caused
by the increased medium refractive index will have a similar effect for the higher order
multipoles because the effect should be independent of a specific ‘shape’ which the
electron oscillations adapt in the

Figure 2.5 Effect of refractive index of the surrounding medium on the position of
different plasmon modes of 215 ± 10 nm Ag particles(a,b).

particles. Indeed, all modes red shift as expected with the quadrupole mode exhibiting
the largest shift for the same change of the refractive index followed by the octupole and
hexadecapole modes (Figure 2.5). The measurements were performed on films prepared
by adsorbing the Ag particles on poly(vinyl pyridine) modified glass substrates17 and
immersing them into water/ethanol/m-cresol mixture of various composition to tune the
refractive index from 1.33 to 1.54. The films were used instead of the particle
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suspensions to avoid aggregation caused by changing of the solvent composition. The
extinction spectra of the films closely resembled those of the particles in the suspension.
The coordination of Ag NPs to PVP and the assembly of the particles on the glass
substrate do not affect the different multipoles observed in solution.

Conclusions:
The hydrogen reduction method allows the synthesis of submicron Ag particles
that exhibit unique optical properties, specifically the ability to optically excite high order
modes of the plasmon resonance. The observation of these modes is not only of
fundamental importance for understanding optical properties of plasmonic structures, but
also renders the potential for new practical applications. The later stems from the
properties of various plasmon modes to produce local fields with different energy
distribution around the particles18 as well as to selectively absorb and scatter light in
specific regions of the visible spectrum.19 These properties are unique for large plasmonic
particles and cannot be found in molecular and semiconductor chromophores or small
plasmonic particles.
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CHAPTER THREE
SYNTHESIS AND CHARACTERIZATION OF TITANIA COATED SILVER
NANOPARTICLES

Abstract:
Silver particles of 70 ± 10 nm mean diameter were coated with uniform layers of
amorphous titania by the hydrolysis and polycondensation process using titanium (IV) nbutoxide in aqueous solution. Due to the large dielectric function of titania, a shift to the
longer wavelengths was observed for the plasmon resonance maximum of coated silver
nanoparticles. By changing the alkoxide to particle ratio in the reaction mixture,
thicknesses ranging from 5nm to 20 nm was obtained. Hydrothermal treatment
performed on coated particles at 350˚C for four hours converted amorphous titania to the
anatase crystalline form. The anatase form was confirmed by X-ray powder diffraction.
More red shift of the plasmon resonance was observed for the hydrothermally treated
samples as compared to the particles coated with amorphous titania.
Keywords: Titania, Silver, Nanoparticles, Plasmon Resonance, Sol-gel, Hydrothermal.

Introduction:
Semiconductor nanoparticles are known to act as photocatalysts for various redox
reactions under illumination with ultraviolet or visible light.1-2 Amongst various
semiconductors anatase titania (TiO2) is considered to be the most promising material for
photocatalysis because it is highly efficient, non-toxic, chemically inert, and relatively
inexpensive material.1-5 Its wide technological application is however limited due to its
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large band gap (> 3.2eV) which requires excitation with light in the ultraviolet spectral
region. Improvement of the photocatalytic efficiency of anatase TiO2 by shifting the
activation wavelength more to the visible spectral range will have a profound effect on its
various applications. Molecular chromophores are commonly used for visible
sensitization of TiO2, so that light is first absorbed by the molecules followed by the
excited state electron transfer to the conduction band of the semiconductor.6,7 The
research efforts in this direction are largely driven by the development of inexpensive
alternatives to silicon devices for direct conversion of solar energy into electricity.
Polypyridyl complexes of ruthenium and osmium have been found to be excellent
sensitizers with photon-to-current conversion efficiencies greater than 10% in the visible
spectral region.8 Grätzel and coworkers successfully fabricated a dye-sensitized
heterojunction of TiO2 with 2,2´, 7,7´-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9´spirobifluorene with a high photon to electron yield of 33%.9 On the other hand, little
attention has been paid to the sensitization of TiO2 to enhance its photocatalytic activity.
The utility of organic sensitizer molecules for these applications is limited by stringent
requirements for their chemical stability and compatibility in complex chemical
environments.
The role of oxides10-13 and noble metal nanoparticles as sensitizers of TiO2, to
improve its photocatalytic activity, have been the focus of current research.14,15 Among
noble metals, silver nanoparticles are especially promising because they display strong
plasma resonance in the visible region.16-19 The cross-section of plasmon excitation is
larger than the absorption cross-section of any molecular species, potentially making
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silver nanoparticles the most efficient and chemically stable sensitizers. During plasmon
excitation, light energy is momentarily stored in the form of the collective oscillations of
the electron density in silver nanoparticles. Conceivably, the interaction of plasmon
resonance in silver nanoparticles with a thin surface layer of TiO2 may result in the
increased efficiency for electron-hole pair generation in the semiconductor and in its
photosensitization in the visible region. Here we describe the synthesis of amorphous
titania layers around silver nanoparticles using sol-gel chemistry, its characterization and
conversion into the anatase form via hydrothermal treatment.
Sol-gel is a well-known technique for coating materials with oxide layers of
nanometer thickness.20 Hydrolysis and polycondensation of titanium alkoxide have been
routinely used for the synthesis of titania gel. A modified sol-gel technique has been
used to synthesize core-shell type nanostructures of silver and titania.21 Silver
nanoparticles with average diameter of 70±10 nm were uniformly coated with amorphous
titania by controlled hydrolysis and condensation of titanium(IV) n-butoxide. Further
hydrothermal treatment afforded the crystallization of the amorphous TiO2 shell to its
anatase form with little or no dissolution of the silver core. These, as prepared and
hydrothermally treated hybrid metal/semiconductor core-shell nanoparticles were
characterized using UV-Vis absorption spectroscopy, transmission electron microscopy
and X-ray powder diffraction.
Experimental Section:
Materials: Silver sulfate (Aldrich, 99.998%), sodium borohydride (Fisher Scientific),
titanium(IV) n-butoxide (Acros Organics), ethanol (Fisher Scientific) were used without
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further purification. Millipore pure water (18 MΩ) was used throughout the synthesis
procedures.
Preparation of silver nanoparticles:
Silver nanoparticles were synthesized according to modified literature
procedures.22 First, small seeds of silver were prepared by chemical reduction of silver
nitrate by sodium borohydride performed under continuous sonication. Sonication
promotes the narrow size distribution of the particles in the range of ca. 6-8 nm. Seeds
are further grown in a slow reduction process ensuring the initial narrow size distribution.
The reaction can be terminated at any time providing particles of a desired size.
Typically, three hours of the reduction results in particles size in the range of 70-80 nm as
determined from TEM images. Subsequently, several centrifugation and filtering steps
were applied for the removal of residual chemicals and to obtain monodisperse particles.

Titania coated silver nanoparticles:
Sol-gel technique was employed to coat silver nanoparticles with layers of titania.
A modified experimental procedure from an earlier method has been used in the coating
experiment.23 In a typical coating reaction, silver nanoparticles are transferred into
water/ethanol (20:80 v/v) solution to obtain a specific optical density. Titanium(IV) nbutoxide is added in the amount that depends on the concentration of silver particles and
the desired thickness of the titania layer. For example, a suspension of silver
nanoparticles with optical density 8, back-calculated after measuring the extinction of a
aliquot of reaction mixture, requires 0.05mM titanium(IV) n-butoxide to yield 20 nm
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thick titania layer. The hydrolysis reaction is allowed to proceed for an hour under
vigorous stirring. Addition of 10 mL of water/ethanol mixture and immersing the reactor
in an ice-bath initiates the condensation process. The reaction is further stirred for an
hour in the ice-bath to ensure complete condensation of the amorphous titania around the
silver nanoparticles. The resulting solution is centrifuged and washed several times with
ethanol to remove residual chemicals and free titania nanoparticles. Finally, the coated
particles are re-dispersed in water for further characterization. By increasing the
concentration of titanium(IV) n-butoxide while keeping the concentrations of water and
silver nanoparticles constant in the overall reaction mixture, titania layers of different
thickness were obtained around the particles.
Hydrothermal Treatment:
Aqueous suspensions of titania coated silver nanoparticles were sealed under
vacuum in quartz tubes. These tubes were then introduced into pressurized stainless steel
bombs and heated at 350°C for four hours in an autoclave.
Characterization:
UV-Vis absorption spectra was recorded using Shimadzu UV-2501PC
Spectrophotometer. The morphology of the hybrid nanoparticles was observed with a
HITACHI H7000 Transmission Electron Microscope (TEM) using acceleration voltage
of 125 kV and HITACHI HD2000 Scanning Transmission Electron Microscope (STEM).
Since the overall reaction mixture is dilute, a certain amount of the mixture is
concentrated by centrifuging and removing the clear supernatant. TEM samples were
prepared by evaporating a drop of concentrated reaction mixture on a carbon-stabilized
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copper grid (Ted Pella Inc.). X-ray powder diffraction analysis was done on SCINTAG
XDS 2000 using Cu-Kα radiation. For these measurements, hybrid particles in ethanol
were concentrated by centrifugation, dried in air followed by further drying at 100°C for
10 min to ensure removal of all organics used during the coating process.
Results:
Silver nanoparticles interact with visible light via the excitation of the collective
oscillations of the electron density called surface plasmons or plasmon resonances.15-17
The frequency of the plasmon resonance depends on the size of the particles and for 70 ±
10 nm particles used in this work, the resonance exhibits two components at 510 nm and
at 430 nm due to the dipole and quadrupole components of electron oscillations,
respectively. The frequency and the strength of the resonance also depend upon the
dielectric function of the surrounding media; it shifts to the red spectral region and
increases in intensity with the dielectric function according to

σ ext (ω ) = 9

ω
c

ε m3 / 2V0

ε 2 (ω )
,
[ε 1 (ω ) + 2ε m ]2 + ε 2 (ω )2

where σ ext (ω ) is the extinction coefficient, ε m is the dielectric function of the
surrounding medium, ε 1 (ω ) and ε 2 (ω ) are real and imaginary parts of the dielectric
function of the metal, respectively.16
For this reason, UV-Vis extinction measurements provide a convenient method
for monitoring the formation of the titania layer around metal nanoparticles. Because of
the large dielectric function of titania (2ε = 13.5), both dipole and quadrupole
components of the plasmon resonance red-shifted by 60 and 30 nm respectively
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Figure 3. 1 Extinction spectra of uncoated and titania coated silver nanoparticles.

(Figure 3.1). The extinction spectra of the hybrid nanoparticles resembled the spectra of
the naked silver nanoparticles suggesting that the nanoparticles remain well-dispersed in
the reaction mixture during the coating process i.e the particles do not aggregate which
leads to the broadening of the resonances. Transmission electron microscopy images of
coated silver nanoparticles are presented in Figure 3.2. Silver particles are relatively
monodisperse with mean diameter of 70 ± 10 nm and are highly crystalline as can be
concluded from their polyhedral geometry, which includes pentagonal, hexagonal and
rod-shaped particles. On the negative TEM images, the titania layer appears as a highly
uniform, 20 nm thick darker shell around a brighter core because of the large difference
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in the electron density of the silver metal and titania. TEM images obtained with large
magnifications revealed that the titania shell around silver nanoparticles is

Figure 3.2 TEM and STEM micrographs of titania coated silver nanoparticles.

Figure 3. 3 High resolution TEM image of amorphous titania coated silver.
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composed of a network of small (ca, 2-3 nm) granules (Figure 3.3). Hydrolysis and
condensation of the titania precursor in the presence of silver nanoparticles result not
only in the titania coating but also in the formation of 10% - 15% free titania
nanoparticles. The latter can be successfully separated by several sequential
centrifugation and redispersion steps because of the substantial difference in density of
these two particles.
X-ray powder diffraction measurements (Figure 3.4) carried on the hybrid
particles indicate the overall amorphous nature of the titania coating around the highly
crystalline silver nanoparticles. Peaks corresponding to Ag(111), Ag(200), Ag(220) and
Ag(311) appear (38.1, 44.3, 64.5 and 77.3 degrees), suggesting face-centered cubic lattice
structure. The broad peak centered at 27.4 degrees is characteristic of amorphous titania.
Different thickness of the titania coating was obtained by varying the ratio of alkoxide to
water for the given concentration of silver nanoparticles. Increasing the concentration of
titanium(IV) n-butoxide while keeping the
amount of water constant results in the formation of thicker titania layer (Table 3.1).
Reaction conditions should be strictly followed for obtaining reproducible thickness of
the coating. As the titania thickness increased, both dipole and quadrupole components
correspondingly shift to the red spectral region (Figure 3.5). TEM images of Ag
nanoparticles coated with titania layers of three different thicknesses are shown in Figure
6, in which all the layers, 5 nm, 10 nm and 15nm
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Figure 3. 4 X-ray powder diffraction pattern of titania coated silver nanoparticles.

Figure 3. 5 Extinction spectra of silver nanoparticles coated with different thickness of
titania.
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nm, appear continuous and uniform. These layers resulted in red shifts of 15 nm, 35 nm
and 58 nm for the dipole and 12 nm, 23 nm and 30.5 nm for the quadrupole components
of the plasmon resonance in silver nanoparticles (Table 3.1). The red shifts caused by the
increase of the effective local dielectric function of the medium surrounding the particles.
Because the titania layer around nanoparticles is highly hydrated its exact dielectric
function is not known: its value is certainly smaller than the crystalline titania but larger
than pure water. As the thickness of this layer increases, the plasmon resonance
experiences increasing local dielectric function. This increase will continue until the
layer becomes thicker than the characteristic distance, to which the local electromagnetic
field associated with the collective oscillations of the electron density extends from the
particles surface.

Figure 3. 6 TEM images of 70 nm silver particles coated with 5 nm(I), 10 nm(II) and 15
nm(III) thick titania layer.

48

Table 3.1 Spectral characteristics of uncoated and titania coated silver nanoparticles

Amount of alkoxide
used for 2ml water
in 35ml total silver
solution (µl)

Sample

Dipole
position
(nm)

Shift
(nm)

Quadrupole
position (nm)

Shift
(nm)

TiO2
Thickness
(nm)

Ag

520

--

431

--

--

--

Ag/TiO2(1)

535

15

443

12

5

10

Ag/TiO2(2)

555

35

454

23

10

15

Ag/TiO2(3)

578

58

461.5

30.5

15

20

Hydrothermal treatment was used to convert the amorphous titania layer around silver
nanoparticles into the anatase form.24-26 The conversion was accomplished by exposing

Figure 3.7 Typical UV-Vis extinction spectra of titania coated silver nanoparticles after
hydrothermal treatment. The spectra are not normalized to the same number of measured
particles.
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coated nanoparticles to 350°C for four hours in a sealed quartz container. UV-Vis
extinction spectrum of the hydrothermally treated sample is presented in Figure
3.7.Spectral maxima for dipole and quadrupole plasmon resonance components shifted
even more to the longer wavelength than that for the silver nanoparticles after sol-gel
reaction. The shift is attributed to the increase in the dielectric function of the layer due to
the crystallization of the amorphous titania (2ε = 13.5 for the anatase titania) as was
confirmed by XRD analysis and observed by TEM. Total spectral shifts of larger than
100 nm for the dipole component was observed after hydrothermal treatment as
compared to 60 nm shift after sol-gel alone (Figure 3.6).TEM micrographs of the samples
after hydrothermal treatment are presented in Figure 3.8. It is clearly seen that the
amorphous titania coating is converted to small crystals around the silver nanoparticles.
The network of individual granules formed during the hydrolysis and condensation
reactions, from which the initial amorphous layer is composed, condense in relatively
polydisperse 10-15 nm crystal nanoparticles that are clustered around silver cores. There
may be some aggregation/etching occurring as evidenced in the broad dipole peak seen in
the hydrothermally treated samples (Figure 3.7) as compared to the as prepared
amorphous titania coated silver nanoparticles. A typical XRD pattern of the samples after
the hydrothermal treatment is presented in Figure 3.9. The absence of the broad band of
amorphous titania and the appearance of the characteristic peak for anatase titania at 25.3
degrees can clearly be recognized together with peaks of the face-centered cubic
crystalline form of the silver particles. These data indicate that the amorphous titania was
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completely converted into anatase form without affecting the crystallinity of silver
nanoparticles

Figure 3.8 TEM micrographs of hydrothermally treated amorphous titania coated silver
nanoparticles.
.
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Figure 3.9 XRD patterns of hydrothermally treated samples of titania coated silver
nanoparticles.
Photocatalytic activity of aqueous solutions of the hybrid nanoparticles was tested
in the decolorization of sulforhodamine-B (Figure 3.10). The dye concentration was
maintained at 10-7M for all the photocatalytic reactions. The photocatalytic measurements
were performed in a 50mL Pyrex photoreactor at room temperature and atmospheric
pressure in a dark room. Laser light with wavelength 568nm corresponding to the
resonance maxima of silver nanoparticles were used to see the effect of charge transfer
and the enhanced local electromagnetic field. The hydrothermally treated titania particles
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degraded the sulforhodamine dye molecules as evidenced by the decrease in the
absorption peak, confirming the charge transfer from the excited state of the dye
molecule to the conduction band of titania, which in turn results in its decolorization,
suggesting the sulforhodamine undergoes degradation through the dye-sensitization
mechanism. However, the hydrothermally treated titania coated silver nanoparticles did
not show any photocatalytic effect when tested with sulforhodamine-B, which can be
explained in terms of electrical shorting, in which the silver nanoparticles act as an
electron acceptor for the photogenerated electrons rather than photosensitization of
titania. Since the hydrothermally treated titania coated silver nanoparticles were inactive
as photocatalysts, the effect of visible light excitation and enhanced local electromagnetic
field around the silver nanoparticles could not be measured. Thus to prevent the electrical
shorting and to the examine the effect of the local enhanced electromagnetic field, a
dielectric layer between the silver and the titania layer is necessary. A thin layer of silica
between the silver core and titania shell would serve the purpose. The amorphous titania
coated silver nanoparticles were photoinactive. . The photooxidation of Ag to Ag+ was
not evaluated although we believe the most significant contribution preventing the
photocatalysis of SRB come from silver nanoparticles competing with titania for the
photogenerated electrons.
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Figure 3.10 Photocatalytic activity of hydrothermally treated titania (a) and silver-titania
core-shell nanoparticles (b).
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Conclusions:
The sol-gel technique is a reliable method for synthesizing of highly uniform
titania layers of various thickness around silver nanoparticles. The synthesis can be
conveniently monitored by the shift of the plasmon resonance of the silver nanoparticles
due to progressively increasing dielectric function of the layer. Red shift of up to 60 nm
was observed for dipole component of the resonance for 20 nm thick amorphous titania
layer. Different thickness of the layer can be achieved by varying the ratio of
titanium(IV) n-butoxide and silver nanoparticles. Hydrothermal treatment converts the
amorphous titania coating to its anatase form. Because of the large dielectric function of
anatase titania a large red shift of plasmon resonance was observed. The data support the
conclusion that sol-gel technique followed by the hydrothermal treatment is a versatile
method for the synthesis of various metal oxide, crystalline layers around metal
nanoparticles without disturbing their integrity and aggregation state in the suspension.
Photocatalytic experiments performed on sulforhodamine dye solution indicate that the
silver nanoparticle act as electron acceptor and prevents the photocatalytic degradation of
the dye molecule.
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CHAPTER FOUR
SYNTHESIS OF IRON(III)-DOPED TITANIA NANOPARTICLES AND ITS
APPLICATION FOR PHOTODEGRADATION OF SULFORHODAMINE-B
POLLUTANT

Abstract
Iron(III)-doped titania nanoparticles were prepared by a modified sol-gel method
using titanium (IV) butoxide and inorganic precursor Fe(NO3)3 ⋅ 9H2O. Spectroscopic
measurements show the onset of the band-gap transition to be red-shifted (~ λ = 475 nm)
to the visible region with increasing iron(III) ion content. Characterizations were
preformed by x-ray diffractometry, electron microscopy, energy dispersive x-ray
spectroscopy and x-ray photoelectron spectroscopy. Photocatalysis experiments were
performed with dye pollutant sulforhodamine-B in aqueous environment. A direct
photocatalytic effect was observed in the dye degradation experiments when irradiated
with visible light into the band gap of the iron(III)-doped titania.
Keywords: iron(III)-doped titania, photocatalysis, sol-gel, sulforhodamine-B, titania,
visible light

Introduction
Amongst semiconductors, the anatase form of titania is known for its high
photoactivity and its high photostability. Due to its non-toxic nature and high chemical
stability, anatase titania is the most practical semiconductor of choice for various
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environmental clean-up applications such as water purification and wastewater treatment
(Kamat 1993; Fox & Dulay, 1993; Hoffmann et al., 1995; Linsebigler et al., 1995; Mills
LeHunte, 1997; Fujishima et al., 2000). However, anatase titania has a wide band gap of
3.2 eV and requires UV light (λ < 380 nm) for its activation, so less than 5% of the total
solar energy is utilized. Much effort have been focused on sensitizing titania to shift its
band gap transition to the visible spectral region, which would allow efficient utilization
of solar energy and, hence, would greatly expand its environmental application. Methods
such as dye sensitization (Grätzel 2001; Grätzel 2003) with molecular chromophores for
electrochemical solar cells and non-metal atom (Asahi et al., 2001; Khan et al., 2002;
Gole et al., 2004; Sakthivel & Kisch, 2003; Ohno et al., 2003; Yin et al., 2004) as well as
metal ion doping (Choi et al., 1994; Klosek & Raftery, 2001; Anpo & Takeuchi, 2003; Li
et al., 2003) are being explored to extend the photoresponse of titania in the visible
region. Metal ion doping is one of the promising ways of shifting the band gap of titania
by changing its electronic properties through the formation of “shallow traps” within the
titania matrix (Choi et al., 1994). The metal ion dopants alter the intrinsic properties of
titania and act as electron or hole traps that increase the photoinduced electron/hole
charge recombination lifetimes and in turn the efficiency of its photocatalytic activity
(Choi et al., 1994). Among various metal ions, doping with iron(III) has been widely
investigated because of its unique electronic structure and its size that closely matches
that of titanium (IV). The energy level of the Fe4+/Fe3+couple is just above the titania
conduction band and the energy level of the Fe3+/Fe2+ couple is just above the valance
band (Choi et al., 1994; Ranjit & Viswanathan, 1997; Litter & Navio, 1996). This
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favorable electronic states of iron ions in titania leads to formation of efficient trapping
sites for electrons and holes.
Iron(III)-doped titania photocatalyst have been synthesized by various techniques
such as wet impregnation (Ranjit & Viswanathan, 1997; Litter & Navio, 1996) , chemical
coprecipitation (Ranjit & Viswanathan, 1997), and sol-gel chemistry (Wang et al., 2004;
Li et al., 2003; Lopez et al., 2002; Janes et al., 2004; Wang et al., 2003; Piera et al., 2003,
Fuerte et al 2001). The spectroscopic, structural and photocatalytic properties of various
preparations depend on the synthetic procedure and post processing conditions. The
optimal dopant concentration that maximizes the photocatalytic activity depends on a
specific synthetic method. For a particular synthesis method, optimum dopant
concentration directly affect the photoresponse and the photocatalytic activity, however
beyond these concentration limits the electronic properties do not relate to the
photocatalytic activity due to the formation of surface bound iron oxide phases which
may act as recombination sites for the electron/hole pairs (Li et al., 2003).
Here, a sol-gel method under constant sonication was employed to prepare
iron(III)-doped titania photocatalyst. The photocatalyst were characterized by UV-Vis
spectroscopy, X-ray diffractometry, Electron Microscopy, Energy Dispersive X-ray
spectroscopy, X-ray photoelectron spectroscopy and tested for its photocatalytic activity
in the visible spectral range.
Most dye pollutants pose threat to the environment and are resistant to
biodegradation. Dye molecules have high solubility in water and effluents discharged
from textile and dye manufacturing industries have adverse effects on the aquatic life and
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are hazardous to human health. Remediation methods based on physical adsorption of
dye molecules on porous media substantially reduce the problem but do not totally
eliminate it. There is a growing demand to find effective and inexpensive methods to
degrade dye pollutants into non-toxic compounds. Advanced Oxidation Technologies
(AOT) (Kamat & Meisel 2002; Stylidi et al., 2003.) , utilizing high oxidation potential of
hydroxyl radicals generated from light induced semiconductors such as titania, is a
complementary approach to degrade or completely mineralize dye contaminants. The
UV photogenerated electron-hole pairs interact with the surrounding oxygen (O2, H2O) to
form highly reactive O2- • , HOO•, and OH• radicals, which are strong oxidants (Stylidi et
al., 2003; Chen C., W. Zhao et al., 2000; Chen et al., 2002; Liu & Zhao, 2000; Liu G., X.
Li et al., 2000; Liu et al., 2000; Qua et al., 1998.). These radicals can mineralize the dye
molecule into water, carbon dioxide and other non-toxic products. The efficiency of this
process depends on the extended lifetime of the photogenerated electron-hole pair.
Visible light sensitized dye/ titania systems have also been known to efficiently degrade
dye molecules (Chen et al., 2002; Liu & Zhao, 2000; Liu et al., 2000; Liu G., X. Li et al.,
2000; Qua et al., 1998). In this case the pollutant dye molecules act as sensitizers and
their complete destruction is a self-limiting process. The mechanism involves excitation
of the dye molecules, transfer of electrons from their excited state to the conduction band
of titania, resulting in the formation of cationic dye radicals. The injected electrons in the
conduction band are responsible for the formation of the reactive radicals in the presence
of chemisorbed oxygen. These radicals interact with the cationic dye radical to form
lower molecular weight intermediates. The overall efficiency of the process is
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determined by several steps of electron transfer and charge separation in titania. Because
the reaction is self-limiting, complete mineralization of the pollutant is not achieved and
further methods including direct UV activation of titania have to be employed for
destruction of the intermediate products (Liu & Zhao, 2000). In the current work, we
used iron(III)-doped titania catalyst that can be activated by visible light to degrade
sulforhodamine-B dye (Figure 4. 1) pollutant with an ultimate goal in applying this
technology for water purification.
CH3CH2
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O
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CH2CH3
CH2CH3

CH3CH2
SO3

O
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Sulforhodamine-B

Figure 4.1. Structure of sulforhodamine-B.
Experimental Section
Materials
Titanium (IV) n-butoxide was purchased from Acros Organics. Iron(III) nitrate
nonahydrate (Fe(NO3)3 ⋅ 9H2O) and ethanol was purchased from Fisher Scientific. All
chemicals were used without any further purification. Millipore pure (>18 MΩ) from our
in-house system was used throughout the synthesis.

Synthesis of undoped and doped titania
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Iron(III)-doped titania photocatalyst were synthesized by a modified sol-gel
process under constant sonication. In a typical synthesis, 200 µl of titanium (IV) nbutoxide alkoxide precursor in 15 ml ethanol is allowed to undergo hydrolysis at room
temperature in the presence of 1 ml of water. The resulting solution immediately turns
white indicating the formation of hydrolyzed titania particles. Certain amount of
ethanolic solution of an inorganic precursor Fe(NO3)3 ⋅ 9H2O (typically 1% solution) was
added to the hydrolyzed titania solution under constant sonication. The reaction mixture
is allowed to proceed to condensation under sonication for 30 min. As the concentration
of the Fe(NO3)3 ⋅ 9H2O is increased, the color of the reaction mixture changes from a
milky yellow to dark milky brown. Undoped titania was prepared by the same procedure
without the addition of Fe(NO3)3 ⋅ 9H2O. The overall amount of water and ethanol is
kept constant for both undoped titania and doped titania reactions. No additional effort
was made to control the pH of the reaction mixture. The sample were denoted as TiO2 for
undoped titania and TFe0.5, TFe1, TFe1.5, TFe2 for the samples prepared by adding 0.5
ml, 1 ml, 1.5 ml, 2 ml of 1% ethanolic Fe(NO3)3 ⋅ 9H2O solution. Further, the precipitate
was washed with ethanol and centrifuged several times to remove excess Fe3+, NO3- and
water present in the reaction. The precipitate was allowed to dry at 100ºC overnight to
remove organics used during the synthesis and then heat treated in a crucible for 5 hours
to convert the amorphous titania into the crystalline anatase form. The temperature was
kept at 450ºC to avoid the formation of rutile phase. The heat-treated samples do not lose
their color after sonication in aqueous or ethanolic solutions and the filtration leaves clear
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filtrate indicating absence of leaching of the iron(III) ions. The samples were ground into
a fine powder and were kept in the oven set at 100ºC for further characterization.
UV-Visible absorption Spectra
UV-Vis absorption spectra were recorded on Shimadzu UV-2501PC
Spectrophotometer. Spectra were obtained by diluting 10 µl of the sample to 2 ml in
ethanol. All the spectra were obtained at room temperature and processed using Origin
7SR2 software (OriginLab Corporation).
X-ray powder diffraction
X-ray powder diffraction (XRD) analysis was performed on SCINTAG XDS
2000 using Cu-Kα radiation (λ= 1.5418 Å). The diffraction patterns were recorded at
room temperature.
Scanning Transmission Electron Microscopy
The morphology of the doped and undoped titania nanoparticles was observed
with HITACHI HD2000 Scanning Transmission Electron Microscope (STEM)
equipped with an Energy Dispersive X-ray detector (EDX). The samples were prepared
by evaporating a drop of the sample on a carbon-coated copper grid (Ted Pella, Inc.). All
images were obtained in the SEM mode with the emmision gun operated at 200 kV
acceleration voltage.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) analysis were performed with a
monochromatic Al Kα source on a Kratos Analytical AXIS 165 system equipped with a

64

charge neutralizer. Binding energies were referenced to C1s peak at 284.8 eV. Spectra
were processed using VISION data system.
Photocatalytic Activity
The photocatalytic activity of the iron(III)-doped titania nanoparticles was
evaluated by the decolorization of sulforhodamine-B (SRB) (Aldrich, laser grade). The
dye concentration was maintained at 10-7 M for all the photocatalytic reactions. The
photocatalytic measurements were performed in a 50 mLPyrex photoreactor at room
temperature and atmospheric pressure in a dark room. The reactor was placed at a fixed
distance of 10 cm from the lamp housing. A 150 W Xe lamp was employed as a visible
light source. UV cutoff filter was placed between the irradiation source and the
photoreactor to eliminate radiation below 420 nm. The aqueous solutions of SRB
(typically 15 mL) and 5 mg of the catalyst were sonicated in a pyrex photoreactor for half
an hour before irradiation. The solutions were constantly stirred with a magnetic stirrer
during the photocatalytic experiments. At regular intervals, 1 mL of samples were
collected, centrifuged to remove all the photocatalyst and 500 µL aliquots of the filtrate
was diluted to 2 mL in water and were analyzed for decoloration by UV-Vis spectroscopy
at its characteristic absorption band at 565 nm.
Results and Discussion
UV-visible absorption spectra of the as prepared titania and iron(III)-doped titania with
increasing amounts of iron content before heat treatment is presented in Figure 4. 2. It
can be seen that the iron(III)-doped titania samples show a relatively sharp band-gap
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transition typical of semiconductors and does not show any absorption characteristic of
isolated iron oxide phases in the visible region. Even at a low concentration of Fe(NO3)3 ⋅
9H2O (0.5 mL), the onset of the band-gap transition was already red shifted to 435 nm as
compared to 360 nm for undoped TiO2 . The shift is consistent with the incorporation of
iron(III) ions into the titania matrix and also possibly due to the presence of iron oxide
bound to the surface of the titania, although the contribution from the later is not expected
to be significant. The red shift is attributed to the transfer of 3d-electrons from the
iron(III) ions to the conduction band (Hoffmann et al., 1994; Ranjit & Viswanathan,
1997). An increase of Fe(NO3)3 ⋅ 9H2O to 1.5 mL in the reaction mixture leads to 475
nm red shift of the band-gap absorption onset. However, any further increase of iron does
not induce more red shift indicating the presence of an optimum doping level. Instead of
the red shift of the band gap, high concentration of Fe(NO3)3 ⋅ 9H2O affect the
condensation step leading to the reaction mixture becoming progressively transparent.
This brown and transparent solution consists of small hydrolyzed titania particles and
iron hydroxide. After drying and heat treatment the re-suspended material does not
exhibit any photocatalytic activity with visible light. The XRD pattern (Figure 4. 3) of the
samples heat-treated at 450ºC for 5 hours indicate the presence of smaller size
nanoparticles in both TiO2 and TFe1.5 samples. The broad characteristic (101), (200) and
(105) diffraction peaks of mesoporous anatase TiO2 can be clearly seen. The diffraction
pattern of TFe1.5 shifts to higher 2 theta angles suggesting the incorporation of iron(III)
ions and substitution of the tetravalent titanium ions with the trivalent iron ions resulting
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in some lattice distortion. Similar results were observed for TiO2 doped with chromium
ion (Kudo et al., 2002, Ma et al., 2004).

Figure 4. 2. UV-Vis absorption spectra of undoped titania and iron(III)-doped titania
nanoparticles with increasing amounts of 1% ethanolic Fe(NO3)3 ⋅ 9H2O solution.
The diffraction pattern of TFe1.5 follows that of TiO2 suggesting that no phase
transition took place at this doping level. Typical SEM micrographs for TiO2 and TFe1.5
samples are presented in Figure 4. The as prepared TiO2 and TFe1.5 (Figure4. 4a and
Figure 4. 4c) are amorphous forming aggregates less than 50 nm in size. These
aggregates are composed of small, less than 5 nm amorphous titania nanoparticles
(Kumbhar & Chumanov 2004). In contrast, the heat-treated samples of TiO2 appear to be
crystalline (Figure 4. 4b). The small amorphous titania particles fuse for form ca. 50 nm
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mesoporous agglomerated particles. The presence of iron(III) ions in the doped samples
seems to have some effect on their crystallization. The SEM images of the doped
samples resemble those before the heat treatment (Figure 4. 4d) and the presence of 100
nm spherical agglomerates of small particles are apparent. Conceivably, incorporation of
iron(III) ions leads to lattice distortion and the presence of iron-oxygen species on the
surface of the doped titania nanoparticles results in the formation of large aggregates
when treated at 450ºC.

Figure 4.3. XRD powder diffraction pattern for TiO2 and TFe1.5 nanoparticles after 5
hours of heat treatment at 450ºC.
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EDX spectroscopy was employed to determine the distribution of iron in the
titania matrix. This technique is a site specific quantitative technique and averaging over
several cross section of several particles gave average iron content of 8 atomic %. A
representative EDX spectrum is presented in Figure 4. 5. Typical EDX mapping scans
(Figure 4. 6) suggests the uniform distribution of iron within the titania matrix indicating
no phase segregation occurs during the synthesis and post treatment procedures.

a

b

c

d

Figure 4.4. SEM images of (a) as prepared TiO2 (b) heat-treated TiO2 (c) as prepared
TFe1.5 (d) heat-treated TFe1.5 nanoparticles.
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Figure 4.5. Energy Dispersive X-ray spectra of TFe1.5 nanoparticles.

a

b

c

d

Figure 4.6. Energy Dispersive X-ray mapping image of TFe1.5 a) TEM image b) Fe c)
Ti d) Oxygen mapping scans.
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XPS analysis was performed on the undoped and doped catalysts to confirm the valence
state of titanium and iron. Figure 4.7 shows the representative survey scans for heat
treated TiO2 and TFe1.5. It is noted that the doped titania samples contain peaks of Ti, O,
Fe and a trace amount of carbon. Ti 2p3/2 and Ti 2p1/2 peaks appear at 459.4 eV and
465.10 eV and Fe 2p3/2 and Fe 2p1/2 peaks appear at 708.25 eV and 721.75 eV
respectively. The peak corresponding to O 1s appears at 530.5 eV, and is typical for
metal oxides. High resolution scan shows splitting of 5.7 eV in Ti 2p1/2 and Ti 2p3/2 peaks
(Figure 4.8a), suggesting the presence of titanium in its tetravalent state which is
consistent with the formation of TiO2. 13.5 eV separation in Fe 2p1/2 and Fe 2p3/2 (Figure
4.8b) peaks reveals the presence of iron in its trivalent state (Moulder et al., 1995).

O

Fe 2p3/2

Ti 2p3/2

Fe 2p1/2

Ti 2p1/2

TiO2

C

Figure 4.7. Survey scans for TiO2 and TFe1.5.
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13.5 eV
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Figure 4.8. High resolution scans of a) Ti 2p and b) Fe 2p regions
It is known that SRB undergoes direct photocatalysis under UV irradiation and
photosensitization when illuminated with visible light (Chen et al., 2002; Liu & Zhao,
2000; Liu G., X. Li et al., 2000; Liu et al., 2000; Qua et al., 1998). The mechanisms
under both modes of irradiation have been extensively studied and can be represented by
the following reactions (Stylidi et al., 2003; Qua et al., 1998.) .
Direct Photocatalysis under UV irradiation:
TiO2 + hν (UV) ------- h+ (vb) + e- (cb)
SRB(adsorbed) + h+ (vb) ------- SRB-•(adsorbed)
H2O/O2 + h+ (vb) ------- -OH+ H+
OH-(adsorbed) + h+ (vb) ------- •OH(adsorbed)
O2(adsorbed) + e- (cb) ------- O2-. (adsorbed)
SRB+•(adsorbed) + (•OH, O2-.) ------- Mineralized products (CO2+H2O+SO42-+NH4+)
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Photosensitization when illuminated with visible light:
SRB(adsorbed) + hν (Visible) ------- SRB*(adsorbed)
SRB*(adsorbed) + TiO2 ------- TiO2 (e- (cb)) + SRB+..(adsorbed)
O2(adsorbed) + TiO2 (e- (cb)) ------- O2 -•(adsorbed)
SRB+.(adsorbed) + (O2-.) ------- (degraded intermediates)
(degraded intermediates) + h+ (vb) or •OH ------- Mineralized products (direct
photocatalysis)
The intermediates formed during photosensitization have to undergo an additional direct
photocatalysis step to be mineralized. The difference in the mechanism has been
associated to the formation of superoxide radicals {O2 -•(adsorbed)} (Liu & Zhao, 2000),
which plays an important role in the disintegration pathway of the chromophore
structure.
No oxidation of SRB was observed in the presence of undoped titania irradiated
with visible light above 420 nm despite the fact that the rapid oxidation was noted when
the same mixture was irradiated with UV light (Figure 4.9A). Even after 3 hours of
visible light irradiation using 150 W Xe lamp, there is no effect on the intensity of the
characteristic absorption peak of SRB. Lack of oxidation under visible irradiation
indicates that sensitization did not occur and can be reasoned by specific experimental
conditions employed. Similar observation was seen in the photocatalytic experiments of
aqueous solutions of SRB in the presence of Degussa P25 under the same experimental
conditions. When doped titania and SRB were irradiated with visible light a wellpronounced oxidation of the dye was evident from the sharp decrease of the intensity and
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slight blue shift of the absorption maximum at 565 nm (Figure 4.9B). It is important to
emphasize that SRB undergoes photobleaching as indicated by the rapid decrease of the
absorbance at its maximum with no additional absorbance increase elsewhere. This
mechanism is consistent with that proposed for direct photocatalysis under UV
irradiation of undoped titania (Liu & Zhao, 2000), thereby supporting the conclusion that,
in the case of iron doping, the photocatalysis results from band-gap excitation and not
from sensitization of the dye. Because no additional absorbance peaks were observed
elsewhere in the spectrum during the photodegradation with iron doped titania, no other
intermediates where formed and no additional steps for their remediation is required.

Figure 4.9. UV-Vis absorption spectra of aqueous solution of sulforhodamine-B (A) in
the presence of TiO2 and (B) in the presence of TFe1.5 during visible light illumination.
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Conclusions
Iron(III)-doped titania is stable, inexpensive photocatalyst with activation in the
visible spectral range that can be used for water purification applications. Tests with a
dye pollutant sulforhodamine-B revealed direct band-gap photodegradation as the main
mechanism for its mineralization. Because the destruction of the dye took place in one
step, no additional remediation techniques are required to further degrade intermediates
that are formed when photosensitization methods are employed.
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CHAPTER FIVE
ENCAPSULATION OF SILVER NANOPARTICLES INTO POLYSTYRENE
MICROSPHERES

Abstract:
Hydrogen reduction of saturated silver (I) oxide solution at elevated temperatures
in the presence of ~200nm polystyrene (PS) microspheres followed by acetone treatment
lead to the encapsulation of the resulting silver nanoparticles (Ag NPs) into the PS
microspheres. Extinction spectra reveal an expected red-shift of the characteristic
plasmon resonance frequency of Ag-PS core-shell particles due to the increase in the
surrounding dielectric constant. The Ag-PS core-shell particles maintain their stability
when re-dispersed back into water.

Keywords: acetone, microspheres, nanoparticles, plasmon resonance, polystyrene, silver,
swelling.

Introduction:
Inorganic-polymer hybrid nanocomposites have been an important topic of
current research. Inorganic-PS nanocomposites are particularly interesting because PS
polymers can be synthesized to form highly monodisperse spheres in the nanometer to
the micrometer size range. There have been two approaches used to synthesize
inorganic-PS hybrid nanoparticles. One approach involves coating PS spheres with an
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inorganic layer prepared using various surface modifications techniques1-9. Due to the
difference in the dielectric properties between the PS core and the inorganic shell tunable
plasmonic properties were observed for Au and Ag coated PS spheres2,7. The PS coreinorganic shell spheres can also form highly ordered three dimensional structures and
were investigated as photonic band gap materials, for example, ZnS-coated polystyrene
core-shell particles1. The second approach involves encapsulating inorganic nanoparticles
with a thin dielectric layer of PS to form an inorganic core-PS shell nanostructure.
Emulsion polymerization in the presence of inorganic nanoparticles is extensively used
for preparing such inorganic-PS hybrid core-shell nanostructures10-14. The PS layer
surrounding the particles imparts chemical resistance preserving properties of the
encapsulated inorganic particles in aggressive environments. Recently a new method has
been reported which involves swelling of the PS beads in the presence of toluene
followed by heat treatment leading to the encapsulation of iron oxides inside the polymer
beads15. Here we report the synthesis of Ag NPs in the presence of PS spheres. Silver
nanoparticles exhibits surface plasmons in the visible spectral region owing to the
favorable frequency dependence of the real and imaginary parts of the metal dielectric
function. Complete encapsulation of the Ag NPs within the PS microspheres was
achieved using acetone as a swelling agent. The formation of the Ag-PS core-shell
structure was monitored using UV-extinction spectra because the frequency and the
strength of the plasmon resonance depend on the shape, size, and the surrounding
dielectric media 16-18. Red-shifts of the plasmon resonance and electron microscopy
images confirmed the formation of Ag-PS core-shell structures.
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Experimental Section:

Materials: Silver (I) oxide (Alfa Aesar, 99.998%), Ultra High Purity Hydrogen gas (Air
Gas), Polybead Polystyrene microspheres (~200nm)(Polysciences Inc.), acetone(Fisher
Scientific) were used without further purification. Millipore pure water (18 MΩ) was
used throughout the synthesis procedures.
Synthesis of silver-polystyrene core-shell nanoparticles:
A controlled and chemically clean synthesis of single crystal Ag nanoparticles in
the size range 10 – 250 nm has been previously reported19,20. The synthetic procedure
involves the reduction of aqueous saturated silver (I) oxide solution by ultrapure
hydrogen gas atmosphere of 10 psi at a temperature of 70˚C. The hydrogen gas reduces
silver (I) oxide to form small Ag seeds followed by their slow uniform growth along all
crystallographic axes resulting in a narrow size distribution. This time-dependent
reaction can be terminated at any stage yielding the nanoparticles of controlled size and
desired plasmon resonance. Three hours of hydrogen reduction results in the formation of
Ag particles in the size range of 70-80 nm as determined from TEM images. The same
synthetic procedure was used to prepare Ag NPs in the presence of 0.5mL of PS
microspheres (~200nm). The reaction is terminated within the first three hours of
reduction to ensure that the resulting Ag particle size would be smaller than the size of
the PS microspheres. The reaction solution was centrifuged in glass tubes to remove
unreacted silver (I) oxide from the suspension. A certain amount of acetone was added to
the precipitate of the Ag NPs and the PS microspheres, for ca. 100µL acetone was added
to a 2mL centrifuged reaction mixture. Further sonication of the precipitate with acetone
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resulted in the formation and dispersion of the Ag-PS composite particles. An
instantaneous distinct color change associated with the formation of a core-shell hybrid
nanostructure was observed21.
Characterization:
UV-Vis absorption spectra was recorded using Shimadzu UV-2501PC
Spectrophotometer. The morphology of the hybrid nanoparticles was observed with a
HITACHI H7600 Transmission Electron Microscope (TEM) using acceleration voltage
of 100 kV and HITACHI HD2000 Scanning Transmission Electron Microscope (STEM)
and 200 kV respectively. TEM samples were prepared by evaporating a drop of a
concentrated suspension on a carbon-stabilized copper grid (Ted Pella Inc.).

Results and Discussion:
Comparison of the growth of Ag NPs in the absence and presence of PS microspheres
was monitored by UV-Visible extinction spectroscopy as presented in Figure 5.1. In the
early stages of the formation of Ag NPs in the absence of polystyrene microspheres, the
extinction spectrum (Figure 5.1a) revealed the presence of a dipole plasmon resonance at
430 nm attributed to the formation of small Ag “seeds”. With the increase of the particle
size, the dipole resonance progressively red shifted rendering a green muddy color to the
colloidal suspension due to strong resonance scattering of light. The frequency of the
plasmon resonance depends on the size of the particles and the surrounding dielectric
medium. For ca. 100 nm Ag NPs in water the dipole resonance was at 516 nm and a new
distinct resonance band corresponding to the quadrupole mode appeared in the spectrum
at 425 nm. Similar trend was observed when Ag NPs were synthesized in the presence of
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PS microspheres. The dipole and quadrupole modes of the plasmon resonance appeared
somewhat broadened and red-shifted (Figure 5.1b) to 532 nm and 440 nm, respectively,
as compared to the nanoparticles grown for the same duration without the PS
microspheres. The broadening and the shift were attributed to the increase of the
dielectric function of the medium surrounding the Ag NPs due to the adsorption of the
NPs to the surface of the microspheres.
Indeed, electron microscopy (TEM) confirmed that Ag NPs were attached to the PS
microspheres (Figure 5.2).
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Figure 5.1: Extinction spectra of Ag NPs as they grew in the absence (a) and presence
(b) of ~ 200nm PS microspheres.
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Figure 5.2: TEM images of Ag NPs adsorbed onto PS microspheres at low (a) and high
magnifications (b).

It is known that the surface of the PS microspheres has anionic charge due to the presence
of the sulfate ester groups. These anionic groups capture Ag+ ions produced in the
saturated silver (I) oxide solution at elevated temperature that are further reduced by the
hydrogen gas to Ag0. These atoms are not strongly attached to the surface of the PS
sphere because of low affinity of the ester groups to the Ag metal. The weakly attached
atoms undergo surface diffusion until they coalesce with each other to form a small seed
on the surface of a PS sphere that further grows to form a NP as the reduction proceeds.
This process is similar to the formation of islands during the vacuum deposition of metals
onto poorly wettable substrates where metal atoms arriving to the substrate come together
to form an island that grows as more metal is evaporated22. As the Ag seeds grow in the
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course of the reduction, they remain weakly attached to the surface of the polystyrene
microspheres. This process leads to the synthesis of only one or a few Ag NPs per PS
microsphere. Electron microscopy images in Figure 5.2 appear somewhat misleading
about a true arrangement of the Ag NPs and the PS spheres in solution because they
reflect not only the adsorption of Ag NPs onto PS spheres but also the aggregation of
particles occurred during drying the sample for TEM measurements. Conceivably, using
smaller PS spheres will result in fewer Ag NPs per sphere. The images also revealed that
the hydrogen reduction conditions do not compromise the integrity of the PS
microspheres.
Centrifugation and re-dispersion of the PS microspheres with attached Ag NPs in
acetone resulted in a distinct color change (Figure 5.3). The UV – vis extinction spectrum
was shifted further to the red spectral range compared to the that of the suspension
immediately after the reduction reaction. The dipole and the quadrupole plasmon modes
in this case appeared at 654nm and 488nm, respectively. It is well known that the
frequency and the strength of the resonance depend upon the dielectric function of the
surrounding media; it shifts to the red spectral region and increases in intensity with the
increase of the dielectric function according to the following expression for the small
particle limit:

σ ext (ω ) = 9

ω
c

ε m3 / 2V0

ε 2 (ω )
,
[ε 1 (ω ) + 2ε m ]2 + ε 2 (ω )2

where σ ext (ω ) is the extinction coefficient, ε m is the dielectric function of the
surrounding medium, ε 1 (ω ) and ε 2 (ω ) are real and imaginary parts of the dielectric
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function of the metal, respectively16. The observed red shifts and change of color was
attributed to the change of the dielectric function surrounding the silver nanoparticles21
due to both the presence of acetone that has the refractive index n=1.36 and PS (n ≈
1.57). However, it was concluded that the main contribution came from the PS because
the observed large red shifts were not commensurate with a relatively small increase of
the refractive index from water to acetone. Electron microscopy images revealed that the
exposure of Ag NPs adsorbed on PS microspheres to acetone lead to complete
encapsulation of the NPs into a PS shell (Figure 5.4).

Figure 5.3: Extinction spectra of as prepared Ag-PS microspheres (black), Ag-PS
microspheres dispersed in acetone (blue) and re-dispersed back in water (red).
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The exact mechanism for this encapsulation is not fully understood at this time. It
is know that PS microspheres can be swollen when dispersed from water into ‘good’
solvents such as toluene or acetone and can form hollow spheres with controllable
surface holes when the solvents are evaporated15. This fact indicates that swelling of the
PS microspheres in acetone is an important step leading to the encapsulation of Ag NPs
reported in the current work.

Figure 5.4: Low (a) and high (b) magnification TEM and STEM (c) micrographs of AgPS core-shell particles.
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The main question relates to the driving force that makes the polymer encapsulate the Ag
NPs or, in other words, makes the Ag NPs sink into the PS microspheres. In order for
the NPs to sink into the polymer spheres, the interaction between the polymer chains and
the metal surface must overcome several factors. It should be stronger than the
interaction between the polymer chains themselves and stronger than solvation forces for
the Ag NPs in acetone. The interaction should surmount the increase of the surface free
energy due to the creation of the additional interface between the metal and the polymer
as well as due to an overall increase of the external polymer surface area of the composite
microsphere. Also, the polymer chains in the immediate contact with the metal NPs are
compressed above the bulk density of the polymer, and this compression produces an
entropically unfavorable state resulting in an entropic rejection force23. In a relevant
publication, vacuum deposition of several nonmetals and metals, including silver, on PS
films at elevated temperatures (120°C) lead to the formation of subsurface structures in
which NPs were submersed into the polymer film several depths below its surface24. It
was proposed that the difference between the adhesion work and cohesion work is the
main reason for NPs to sink into the polymer films25.
Even though PS is not known to strongly interact with silver under normal
conditions, we speculate that in the case of Ag NPs and PS microspheres in acetone,
relatively strong interaction can be induced between PS and the metal surface. Acetone
acts as a plasticizer and swelling the microspheres increases the flexibility of the polymer
chains. This swelling allows benzene rings to adapt a configuration most favorable for the
interaction with the metal surface. This interaction most likely is an induced dipole –
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induced dipole attraction (London dispersion force) that is expected to be substantial due
to the delocalized nature of π electrons in the benzene ring and free electrons in the
metal. Both electron systems are easily polarizable. The presence of acetone inside the
(swollen) PS microspheres and in the surrounding environment also reduces the surface
free energy of the polymer at both interfaces thereby further promoting the sinking of Ag
NPs into the microspheres. A blue-shift of the extinction spectra was observed when the
core-shell Ag- PS microspheres were re-suspended in water. The dipole and the
quadrupole modes shifted from 654 nm to 614 nm and form 488 nm to 473 nm,
respectively. This shift was attributed to the decrease of the effective dielectric function
of the medium surrounding the Ag NPs when the microspheres were transferred from
acetone (n=1.36) to water (n=1.33).

Conclusions
Swelling of PS microspheres in acetone in the presence of attached Ag NPs
resulted in the formation of the Ag-PS core shell nanostructures. Large red shift of the
plasmon resonance was observed in the extinction spectra owing to the complete
encapsulation of the Ag NPs within the PS microspheres. These core-shell structures
maintain their integrity when re-suspended in water. The core-shell structures represents
a new class of metal-polymer composite materials that can be used for photonic and
biomedical applications exploiting optical properties of Ag NPs and chemical properties
of the polymer. In addition of protecting Ag NPs in aggressive environments, the PS
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shell can be used as a scaffold for introducing chemical functionalities. The described
method is not limited to Ag NPs and PS and can be extended to other NPs and polymers.
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CHAPTER SIX
CONCLUSIONS AND FUTURE RECOMENDATIONS

The hydrogen reduction synthesis technique affords the synthesis of chemically
clean silver nanoparticles. The distinctive feature of this technique is the presence of a
continuous source of Ag+ ions in the reaction mixture which leads to the formation of
silver particles in the 10-300nm size range. The submicron particles remain in the
colloidal state without aggregation. These submicron silver particles exhibit unique
optical properties, specifically the ability to support optical excitation of higher order
modes of the plasmon resonance. Although the higher order multipoles i.e. octupole and
hexadecapole were predicted theoretically, they were observed experimentally for the
first time in this work and is presented in Chapter 2. From the above observation it can be
concluded that hydrogen reduction is a versatile method for synthesizing silver particles
exhibiting unique optical properties in terms of the surface plasmon resonances. The role
of the observed multipole resonances on the various surface enhanced properties will be
evaluated in the future.
Chapter 3 reports the sol-gel synthesis and characterization of a new type of
hybrid metal/semiconductor nanoparticles consisting of a silver core and a titania shell
using sol-gel technique. It was found that by varying the ratio of water to titanium (IV)
butoxide precursor solution in the reaction mixture, different thicknesses of the
amorphous titania layer could be obtained. Hydrothermal treatment converted the
amorphous titania layer into its crystalline anatase form. Owing to the crystallinity and
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large dielectric function of anatase titania, red shifts were observed for the resonance
peaks of silver nanoparticles. These hybrid nanoparticles provide an opportunity to
extend the photosensitivity of titania to the visible spectral region. However it was
determined that the silver nanoparticles accepts the photogenerated electrons and
prevents photocatalytic activity. Based on this result it was proposed to separate titania
layer from the silver core by a thin layer of silica. This and enhancement of
photocatalytic activity in the UV spectral region will be the target of future studies.
Chapter 4 reports the synthesis of iron (III)-doped titania photocatalyst by a
modified sol-gel process under constant sonication. Spectroscopic measurements show
the onset of the band-gap transition to be red-shifted (~ λ = 475 nm) to the visible region
with increasing iron(III) ion content. These iron(III) doped titania catalysts were tested
for its photocatalytic activity on dye pollutant sulforhodamine-B. Direct band-gap
photodegradation was confirmed as the main mechanism for its mineralization. Thus a
combination of silver with its resonance frequency in the visible spectral region and the
red-shifted band gap onset of the iron (III)-doped titania photocatalysts would serve as
excellent candidate to evaluate the effect of the local enhanced field around the silver
particles on the overall photocatalytic reaction. These studies as well as the application of
the modified sol-gel technique for doping titania with other transition metal ions and their
effect on visible light photocatalysis will be the target of future studies.
In Chapter 5, a technique for encapsulation of silver nanoparticles in polystyrene
was proposed and developed. It was seen that the formation of silver-polystyrene coreshell nanoparticles was an effect of a) specific synthesis technique, i.e. hydrogen
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reduction of silver(I) oxide in the presence of polystyrene microspheres that lead to the
adsorption of silver nanoparticles on the polystyrene surface b) swelling of polystyrene
microspheres in the presence of acetone and c) sinking of the adsorbed silver particles
into polystyrene due to evaporation of acetone. This technology can be applied to other
metallic and anionic surface modified polymer systems. Extension of this method to other
metal and polymer nanoparticles will be investigated in the future.
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